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1.  INTRODUCTION 


This  workshop  on  "Femtosecond  Time-Resolved  Spectroscopy"  represents  the 
tenth  of  a  series  of  intensive  academic/  government  interactions  in  the  field 
of  advanced  electro-optics,  as  part  of  the  Army  sponsored  University  Research 
Initiative.  By  documenting  the  associated  technology  status  and  dialogue  it  is 
hoped  that  this  baseline  will  serve  all  interested  parties  towards  providing  a 
solution  to  high  priority  Army  requirements.  Responsible  for  program  and 
program  execution  are  Dr.  Nicholas  George,  University  of  Rochester  (ARO- 
URI)  and  Dr.  Rudy  Buser,  NVEOC. 


SUM  MARY;  AND  FOLLOW-UP  ACTIONS 


Dr.  Ed  Sharp  opened  the  meeting  with  a  few  preliminary  remarks  on  the 
NVEOC  mission,  and  how  his  group's  work  on  optical  materials  and  phase 
conjugation  fit  into  the4£h^e. 

Dr.  Sharp  then  presented  a  tallT'orTTfre^development  of  materials  for 
nonlinear  optics.  The  characterization  of  tnese  materials  was  highlighted, 
especially  with  regard  to  the  use  of  time-resolved  spectroscopy  to  obtain 
important  material  parameters. 


Dr.  Ian  Walmsiey  then  discussW^he  research  at  the  Institute  of  Optics  in 
ultrafast  time-resolved  spectroscopy.  This  involves  developing  new  laser 
sources  and  new  spectroscopic  techniques,  as  well  as  their  application  to 
other  research  projects.  . — — - 

A  tour  of  the  NVEOC  laboratory  fyilities  followed.  wT^demonstrations  of 
new  effects  in  phase  conjugation 'by  Dr.  Greg  SalarriB^and  measurement  of 
materials  parameters„by  Dr.  Ed  Sharp.  This  was  preceded  by  a  discussion  of 
bo^^^roup's  work^>hd  the  facilities  available  to  and  the  interests  of  the 

The  overlap  of  interests  between  the  University  and  the  Laboratory  was  not 
large  in  terms  of  finding  common  ground  for  collaborative  work.  However  it 
was  thought  to  be  a  worthwhile  interaction  because  it  allowed  both  sides  to 
expand  their  horizons  of  possible  techniques  and  applications. 

'One  possible  area  of  mutual  interest  is  the  problem  of  charge  transport  in 
liquid  crystal  molecules.  The  large  dipole  moments  that  are  possible  in  these 
materials  depends  on  the  ability  of  electrons  to  move  rapidly  along  the 
polymer  chain.  Time-resolved  spectroscopy  might  be  used  as  a  method  of 
measuring  the  rate  at  which  this  occurs. 
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-De^opment  of  arr  sources  and  aziq)iifiers  for  litrasbort  li^t  pulses 


-Application  to  fandaDaental  processes  aod  potashal  device  technologies 


Lutrs  vhich  product  oitroMly  short  («r20l8)  li^t 
pulsts  sro  roquired  Cor: 

-  tittt-rtsolvod  spoctrosoopy 

-  hiqh-speod  coonuni  cations  systems 


nsv  sources 

-  Shorter  pulses 
«  tunable  wavelengths 


research  qoals: 

>  understand  pulse-Cormlng  mechanlsDis 
-  develop  new  soirees  (e^.  solid-state) 


-  Passively  Modalodcad  Dye  Ulmts:  (ihorUst  pulse 
duration;  20f8  [Sleat^  Finch  &  Siatett  1988]) 


>  Colliding  Pulse  Modelocfced  (CPM)  ARGON 

PUMP 


Key  Features 

>  Saturihle  6ain 

-  Saturable  Absorption 

-  Dispersive  Monllnaarlty 

-  farlable  07D 

Theory:  [Ifartlnsz,  Fork  &  Gordon  (1985), 

Petrov,  Rudolph  &  fllhelad  (1987), 

Avraaopoulos,  French,  fllllaDS,  Ibv  &  Taylor (1988)] 


-Not  tuiable 
-Liquid  system 

-Soo»  regloss  of  operation  not  esplalnsd  by  theories 


Pulse  itape  and  duration  studied  ela  intensity 
autocorrelation: 

T 

s*.  (■')  =  j<*t  i(tU(t+-c) 

-7 


Typical  results: 


tj)  related  to  pulse  duration,  assiMlng  a  pulse  tfape 


,1  . 


:  aollton  and  dlsperslw  we: 
■fl«7  &  Tang  (1988)] 


IJMT  «u^t  oooprifled  oC  tvo  parts: 


1^3  soliton  +  usual  'short*  pulse 


Spectrum 


AutocorreiaUon 


>  Sollton  port  oC  iptctna  Aovt  periodic  BOduiUtlon 


1 


time. 


-  Sollton  period,  t,  related  to  ■aterial  diq)er8ion 


'/r  = 


0-3»  '^b  T 


T*  CAVITV  (2oowp  TRIP 

=  CAvrrr/A//^rp.iAL  P>i«P6RSiofs{ 


-  vSiLS  •>  5^*-  -180,>250£s^  ->  3-5im  of  quartz 

~  Inferred  intracavity  dispersion  agrees  vith  that 
estimated  from  the  quartz  prism  sequence. 


-  Introduce 
which  del: 


eLLecuve  ze 
Imits  regine  o 
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0.8 


NeeMAt 
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Interferometric  InteBSltf  matecorrelatlon 


SiAc  S^fe)  +  mu  Jett  IW  EW£f*+e) 
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lade  of  oohMrenoe  betveen  the  dispersive  parts  and  the 
soliton-like  parts,  fhy? 


^VD 


S^ctral  vindovlng 


Problems; 


-  Current  models  fall  to  predict  all  tjpes  of  mollton¬ 
like  beteriour. 

•  8olltQo-like  regimes  of  operation  hsve  not  been  fully 
diBracterlmed. 


Solutions; 


Determine  the  pmise  electric  field  eneelope  using 
triple  oorrelatlco  and  energy  spectrum  measurements. 

T 

-T 

T  _  ^ 

-  S(f)=  jott  EfDEtt-tc^)  .  F.T.{|£(w)1] 

-T 


-rw-  (g(t)i* 


I  Ett) 

I  _ 


=  eit)e. 


4(*) 


“n^6-PEPE<^iD5=Nrr 

PHASE 


Which  retmlae 


Mdi  Includes  molecular  coherences  and 
M^worder  dlipermlon. 


11. 


-  irtuntT  ar«  iiportant  In  pulM  shaping 

m  Cfl.  Smt*  «•  BBOf  diClsrsnt  reglSM  In  vhlch 
SDlitflOB  ocor. 


-  ns  9tntratlon  of  SDlilsB-lilca  pulses  in  the  CFM  laser 
is  not  well  tsilerstood,  sithir  via  thsory  or 
sq^iaent. 

-  there  are  significant  differenoes  Croa  "usual*  solltons 
(i.e.  solutions  to  the  nonlinear  Sdrodinger  equation), 
due  to  the  additional  aechanins  (gain  and  loss)  in  the 
laser  and  the  distributed  natire  oC  the  nonlinearity 
and  diq^slon. 


There  is  a  possibility  for  constructing  passively- 
•odelodced  lasers  at  other  wavelengths  and  using  nore 
robust  aaterials  by  understanding  and  utilising  these 
pulse  shaping  ae^nnlsns. 


fi  jn*  w  fl  «>  1  iin  t  c-j 


-  Nev  scheme  for  amplifying  femtosecond  pulses 


-  High-energy  pulses  (>  1  OpJ) 
-High-repetition  rates  (>30kHz) 
-No  cavity  locking  required 


40rs,1  OuJ,  30kHz  ''  lOOKIHt: 
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Pump-Probe  spectroscopy 

Eidtotion:  Pump  pulse  establishes  medium  excitation.  Probe  pulse 
is  affected  by  medium  excitation  at  some  later  time. 

Measure:  absorption,  potertsation  rotation,  frequency 
upconversion  of  probe  pulse 

Result.  Maps  out  time-development  of  medium  excitation 


Transmission-correlaUon  spectroscopy 
-measures  transmitted  intensay  of  both  pump  and  probe  pulses 
-same  information  is  returned  as  in  a  pump-probe  experiment 

-some  technical  advantages 


IntanaMy  Raloliv* 


40  fa 


Data  processing;  U 


-autoregressive  fitting  of  the  time  series 

-solve  linear  least  squares  problem  for  the  linear 
prediction  coefficients 

-SVD  allows  distinction  between  signal  and  noise 
components  (Kumaresan  and  Tufts,  1 983) 

-reconstruct  signal  estimator  from  truncated  linear 
prediction  filter 

AT(t)  =  2  aj  exp(-t/Ti)  cos  (»it + 

This  method  has  several  important  features; 

-no  initial  guess  about  the  number  of  components  is 
required 

-eliminates  need  for  nonlinear  least  squares  fitting 
-higher  resolution  than  FFT  for  short  time  series 


AM  d$txiped  stnusokial  canponents  that  are  present  in  the 
are  found,  without  prior  Jtnowfedge  of  the  sipnalform 
andMmMedontybytheSffRof  thedata. 

Typical  results;  5^;  <..A. 

SNR  =  60dB,  3  components.  A(Ti)2  =  1 0% 


A(ai)2  =  20% 


CENTER  FOR  OPTO-ELECTRONIC  SYSTEMS  RESEARCH 
FEMTOSECOND  RELAXATION  PROCESSES  IN  SEMICONDUCTORS 


Femtosecond  Time-resolved  Spectroscopy 
Enhanced  temporal  resolution 


[ 

I  Semiconductors: 

Characterisation  of  high-speed  electronic  devices 
BaUisUc  transistors 

I  Vekwty-overshoot  devices 


Molecules; 

Fundamental  physics  of  chemical  reactions 
Laser-selective  chemistry 


Band  Structure  and  Optically  Coupled  Region 

for  BiukGaAs 


o 

z 

< 

m 


UJ 

O 
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UJ 

mi 

< 
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•  Three  transitions  from  the  valence  bands  into  the  T- 
valley  conduction  band  are  possible. 


CONDUCTION  BAND 


T/iAHSMlSSlOI^-COHHElAriON  PeAlc  (jcp)  ^l^N/y. 

Si^MFUES  >T  300<c 


Cl  OOt  00§  OOC  0  DMI  0061  OOCI  006  OC 


In  both  GaAs  and  Alo.35Gao.65As,  the  subpicosecond 
decay  is  dominated  by  2  exponential  components. 


Alo.35Gao.65As 

Ti  =  40  fs  :  Intervalley  scattering  by  phonon 

emission  and  carrier-  carrier  scattering. 

(85%) 

T2  =  140fs  ;  LO  phonon  emission.  (9%) 

+  long-lived  component  (1.6ps) 

GaAs 

Ti=  35fs  :  IV  +  CC  (85%) 

T2  =  160fs  :LO(8%) 


+  "rising  wing"  due  to  bandfilling 


f  0.6 

J 

i  0.4 


(a)  5x10 
3x 


100  200  m  400  500  600  700 

D«toy  (fi) 

MGoki  Trontmittfon  Corrvfotjon  T«b300  K 


^  0.6 
I 


ItetoM  krtantWy 


AIGaAs  Transmission  Correlation  n«5x10^'  cm 


n 

I 


X)I6U9;U|  8AI)0|d^ 


o 


100  200  300  400  500  600  700  800 

Delay  (fs) 


A  3  component  exponential  decay  was  found  in  all 
cases. 

n(t)  =  Z  ai  exp  (-t/Ti) 

Ti=40fs  :  intervalley  and  carrier- carrier 

T2  =  140  fs  :  LO  phonon  emission 

T3  =  1  ps  :  (unspecified)  depends  on  carrier 
density  at  80K 

For  n  =  5  xlO^^  cm'^ 

At  300K  ai/a2  =  10 

180K  ai/a2  =  3  (IV  disallowed) 


80K 


ai/a2  =  5 


(LO  reduced) 


Estimate  of  the  efficiency  with  which  each  mechanism 
removes  electrons  from  the  initially  excited  states:  from 
the  measured  TCP  curves; 


Delay 

temp. 

%  of  carriers 

possible 

removed 

mechanisms 

lOOfs 

300K 

84 

IV  +  CC  +  LO 

lOOfs 

180K 

75 

»  CC+LO 

-Then,  roughly,  of  the  carriers  which  leave  the  initial 
states  in  the  first  100  fs 

* 

65%  scatter  to  the  satellite  valleys 

30%  scatter  via  carrier-carrier  interactions 

5%  scatter  by  LO  phonon  emission 


Conclusions: 


-The  various  physical  mechanisms  which  govern  the 
initial  relaxation  of  photoexcited  electrons  in  AlGaAs  have 
been  experimentally  identified. 

-Intervalley  and  carrier-carrier  scattering  occur  on  a 
40fs  timescale,  and  LO  phonon  emission  on  a  150  fs 
timescale. 

-Intervalley  scattering  dominates  the  relaxation  when  it 
is  energetically  allowed. 


Summary 


Htesotved  fastest  electron  scattering  processes  in  AlGaAs; 
implications  for  the  ultimate  q»ed  of  electron  devices 

-Observed  THz  quantum  beats  in  organic  dye  molecules; 

important  in  the  determination  of  ezdted-state  potential 
energy  surfaces 

-Possibilities  for  observing  other  coherent  transient 
phenomena  in  semiconductors; 

{coherent  electric  currents?) 


Lar^  or gsuc  dye  molecules  as  a  paradigm  for  sezxncoDductors 


-Energy  scales  and  relaaBtion  times  are  similar 

-Substantially  fever  electronic  states:  easier  to  perform  understandable  espehments 
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Ethyl  Violet;  transient  absorption 


1 


1 


300 


600 

Deloy  (fs) 


900 


—  /IODUlATIOM  of  PU>0RESC£NCE, 

(absorptkw  ,  Birefrin^  ^ )  or 

A  SysTEM  EVCITER  VIA  SEVERAL 
fMDtSTfisl^UlSASLE  CUANH^LS. 


C0HEREI4T  SOPERPOSm6^^  OF  STATES 

developing  in  time. 


—  e.p.  molecular  SySTEM: 

EyciTE  A  vibrational  Mode 

IN  A  GPovND-  OR  EXCITCO- 

Electronic  state. 


-frequency  of  sinusoid  same  as  Stokes  shift  of  Raman -active  mode 
t(measured )  =  1 49fs;  t(expected )  =  1 43fs 
-does  not  depend  on  solvent  viscosity 

-impulsive  excitation  of  molecular  nuclear  vibrational  mode 
Q+rQ  +  <Oo^Q  =  N(8a/8Q);EE 

0  =  vibrational  amplitude 
r  =  Raman  linewidth 
(Oq  =  Raman  frequency 

-electric  field  must  have  spectrum  as  broad  as  coq 

-pulses  must  be  shorter  than  timescale  of  all  dynamics 
-time  domain  analog  of  Raman  scattering 


-iXMleculflr  structure 


tri'i^ienyl  methane 


'Schematic  energy  levels 


-only  3  levels  are  important  in  the  interaction 
(Rfunnan  selection  rules) 


TABLE  - 


y(t)  =  Z  aj  exp(-t/Tj)  cos(2Wjt  +  (j),) 


Molecule 

a 

T(fs) 

V(THz) 

(|)(deg) 

Malachite  Green 

0,58 

75 

0.36 

4800 

0.06 

205 

6.60 

11 

Ediyl  Violet 

0.60 

120 

0.33 

1700 

0.07 

380 

6.45 

7 

Methyl  Violet 

'  0.55 

39 

0.23 

2650 

0.19 

150 

0.03 

280 

6.40 

7 

Vicuxia  Blue 

0.57 

30 

0.31 

10000 

0,11 

105 

0.01 

190 

6.14 

13 

Methylene  Blue 

0.98 

27 

0.01 

1470 

0.002 

380 

7.7 

2 

DODQ 

0.47 

185 

0.87 

5 

0.32 

1050 

0.09 

370 

6.35 

3 

0.07 

300 

2.61 

9 

0.03 

180 

8.17 

93 

0.02 

500 

5.00 

8 

Nile  Blue 

0.72 

43 

0.20 

400 

0.04 

180 

4.86 

140 

0.02 

490 

3.06 

87 

0.006 

560 

5.00 

12 

0.005 

405 

8.39 

144 

0.005 

4300 

2.16 

21 

0.0007 

4700 

6.96 

73 

0.0004 

3900 

9.12 

93 

0.0003 

11500 

10.6 

27 

Theory 


-3rcl  order  perturbation  solution  to  Liouville  equation  for  3-level 

system. 


-signal  form  is  relatively  independent  of  dephasing  and  population 

lifetimes  of  optical  transitions. 

probing  polarisibility,  not  polarisation 

-useful  in  regimes  where  other  time-domain  techniques,  such  as 
photon  echoes,  are  not  possible. 


-phase  of  sinusoids  depend  on  nature  of  exciting  pulses  and 
particular  energy  level  scheme 


P*?OBr  PULSE  WIDTH  PEPEnJ>EMCE  oF  TCP  SWi-lMAL. 


-  Phase  of  the  quantum  beats  depends  on  the  dipole  moment  decay  rate  (T^)'* 

.  Shiqe  of  signal  is  not  very  sensitive  to  T2  or  the  inbonx>geneous  decay  time 

-Phase  of  the  beats  depends  on  the  phase  of  the  phonon,  vhich  depends  on  the  exact 
pulse  shsqK,  the  population  inversion  etc 

•Solution .  measure  the  phase  of  the  beats  through  a  spectrometer ! 
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Fig. 3  The  phase  of  the  modulations  in  the  absorption  signal  as  a 
function  of  spectrometer  tuning  (assuming  the  pump  laser  is 
on  resonance) .  The  FWHM  of  the  curve  is  used  to  determine 


Conclusions 


HDbservation  of  molecular  nuclear  motion  in  "real  lime"  in 
organic  dye  molecules. 

Implications  for  the  determination  of  excited-state  potential 
energy  surfaces  and  laser-selective  chemistry. 


-Possible  new  method  of  measuring  Raman  linewidths. 

Independent  of  the  dephasing  and  population  lifetimes  of  the 
optical  levels. 


-Technique  for  distinguishing  ground-  and  excited -state 
quantum  beats. 

Important  in  understanding  the  dynamics  of  systems 
without  prior  knowledge  of  the  energy  level  structure. 


-Possibilities  for  observing  other  coherent  transient 
phenomena  in  semiconductors. 


{coherent  optically -driven  electric  currents?} 


Future  Directions 


-  Relaxation  on  short  timescales 

For  times  short  compared  vith  the  correlation  time  of  the  damping  forces  the  doay 
of  an  elementary  excitation  (e  g.  electronic  states,  phonons)  is  non-exponential. 

An  honoogeneous  line  becomes  inhonaogeneous. 

Use  nonlinear  optics  to  measure  reservoir  correlation  functions 


-  Optical  coherent  transients  in  semiconductors 


Excite  electronic  or  phonon  population  in^ulsively  and  vatchthe  vavepacket 
motion. 

Time-domain  obsemtions  of  the  phonon  airq3litude .  measurements  of  anharmonic 
effects. 

Time-domain  observation  of  electron  vavepacket  motion ;  optical  excitation  of  a 
phase-coherent  electric  current. 


CENTER  FOR  NIGHT  VISION  AND  ELECTRO-OPTICS 
NONLINEAR  OPTICS:  MATERIALS  RESEARCH 


LASER  RESEARCH  TEAM:  R  &  D  of  nonlinear  optical  materials. 

techniques,  and  concepts 
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Nonlinear  Organic  Media  (Short  Pulse  Studies) 


NONLINEAR  OPTICAL  MATERIALS  EFFORT 


[\ionlinear  Phenomena  (Self-lndnced  Effects) 
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Well  Understood  Nematic  at  Possible  Decomposition 

Material  Room  Temp  Complex  Absorption 

Processes 
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A  comparative  study  ul  self-f<Ku.sing  in  seven  liquid  crystals  using  picosecond  0.53  and 
1.06  pm  pulses  is  presented.  MEBBA  was  found  to  have  the  highest  nonlinearity  at  0.53 
pm  as  determined  in  an  optical  power  limiting  experiment.  This  limiting  appears  to  be 
due  (u  nonlinear  refraction  enhanced  by  two-photon  absorption. 

We  report  here  the  results  of  a  sytematic  study  of  self-focusing  in 
several  liquid  crystals  in  the  isotropic  phase  using  picosecond  pulses 
at  0.53  (im  and  1.06  /im.  The  samples  studied  and  their  chemical 
compositions  are  listed  in  figure  I. 

Large  nonlinearities  have  been  previously  measured  in  liquid  crys¬ 
tals  using  nanosecond  pulses'  and  such  materials  have  been  used  in 
cw  four-wave  mixing  experiments.^  The  large  nonlinear  refractive 
indices  /ij  observed  in  the  earlier  work  are  believed  to  be  due  to  light 
induced  reorientation  of  the  anisotropic  liquid  crystal  molecules 
which  is  a  relatively  slow  process.  In  order  to  estimate  the  value  of  n, 
in  the  liquid  crystals,  a  power  limiting  configuration  was  u.sed.^  For 
highly  nonlinear  self-focusing  materials  such  as  CS,,  it  was  estab¬ 
lished  in  Ref.  3  that  the  limiting  power  obtained  in  such  a  configura- 
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MEBBA:  CH3  -  Q>  —  CH  =  N - Q  —  4 

ME0BBA:‘*CH3-0  — <Q-CH  =  N— Q 4 

OTHER  LIQUID  CRYSTALS  STUDIED: 

Rl— <S>— 0-C  — <0--R2 

O 

with:  Ri  Material  R2 

“4"  BU^UB  4 

4  BUPPEB  5 

5  PEPBUB  4 

5  PEPPEB  5 

5  PPMEOB  CH3O 

where:  4  =  BU  =  -CH2-CH2-CH2-CH3 

5  =  PE  =  -CH2-CH2-CH2-CH2-CH3 

*  Materials  were  manufactured  by.  Jim  Fergason  of 
American  Liquid  Crystals.  Inc. 

**  Commonly  called  MBBA 

FIGURE  I  Chemical  structures  and  nomenclature  lor  the  liquid  crystals  studied  in 
this  work 

tion  is  Pj,  the  second  critical  power  for  self-focusing.  is  related  to 
rtj  by  the  relation. 


P  «  3.77cX^ 


(1) 


where  c  is  the  speed  of  light  in  vacuum.  X  is  the  wavelength  and  3.77 
comes  from  a  numerical  stduiion  to  the  nonlinear  wave  equation.'* 

The  experimental  technique  'S  described  in  detail  in  Ref.  3  and  is 
summarized  here  in  Fig.  2.  A  lens  (L,)  focuses  light  from  a  frequency- 
doubled  mode-locked  picosecond  Nd  :  Y  ri  laser  operated  in  the 
TEM,^  spatial  mode.  A  second  lens  (Tj)  reimages  the  transmitted 
light  through  an  aperture  onto  the  detector  which  measures  the 
transmitted  energy.  As  the  incident  power  reaches  P^,  the  beam 
undergoes  severe  phase  distortion  and  the  reading  on  stops  in¬ 
creasing  for  further  increase  of  input  power.  This  switching  is  due  to 
sclf-lcnsing  and  subsequent  optical  breakdown.  Figure  3  shows  an 
example  of  such  laser  induced  switching  for  CSj  and  MEBBA  at  0.53 
^rm.  The  input  field  was  linearly  polarized.  It  is  to  be  noted  that  the 
switching  power  for  MEBBA  is  less  than  that  of  CS,. 


NONLINEAR  SWITCHING  OF  I.IOUID  CRYSTALS 
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NONllNEAlt  OPTICAL  SWITCH 


P 


FIGURE  2  Technique  for  measuring  the  onset  of  seif-focusing.  The  solid  lines  sche- 
muticully  trace  the  input  beam  for  low  input  power.  The  beam  is  focused  into  the 
nonlinear  medium  by  lens  L|  and  then  imaged  by  L.  through  an  aperture  onto  detector 
t>t.  The  transmission  lor  low  input  powers  cun  be  near  unity.  As  the  input  power  is 
increased  to  approximately  P,.  the  critical  power  fur  self-focusing. '  the  beam  undergoes 
severe  phase  aberrations  (l  e..  nonlinear  refraction)  and  the  transmission  through  the 
aperture  decreases.  The  high  power  situation  is  shown  schematically  by  the  dotted 
lines. 


FICiURE  3  Nonlinear  optical  switching  in  CS;  and  MEBBA  l4-inethyl  ben^ylidcne 
4'-n-hulylanihne)  Ihe  detector  reading  O,  monitors  the  aperture  transmission  after 
the  sample  l)^  remains  undamped  with  input  power  until  P.  is  reached.  The  data 
shown  are  lor  42  psec  IFWHM),  linearly  polari/ed  I)  .S3  pm  pulses. 


The  ralK)  of  the  eriticul  powers  for  the  eiieulutly  |)olari^ctl  field  lo 
the  linearly  polarized  field  is  approximately  two  for  each  of  the 
samples  studied,  as  shown  in  Figs.  4  and  5.  Figure  4  shows  the 
switching  powers  for  the  liquid  crystals  MEBBA.  MEOBBA  (com¬ 
monly  known  as  MBBA)  and  PPMEOB  for  linearly  polarized  input 
field  and  Fig.  5  shows  the  corresponding  results  for  circularly  polar¬ 
ized  light.  Figures  6  and  7  show  the  results  for  linear  and  circularly 


POWER  |KW, 

FIGURE  4  ('ompanMin  <»l  mmlincar  <iptical  tunlching  for  Ihc  liquid  tryslals  MEHHA. 
MEOBBA  and  PPMEOB  Linearly  ptrlarized  Ughl  al  0.53  (im  with  42  ps  (FWIIM) 
pulscwidth  was  used. 


0  100  200  300 

POWER  |KW| 


FIGURE  5  Compiirison  of  nonlinear  optical  switching  for  the  liquid  crystals  MLUHA, 
MEGUBA  and  PPMEOB  Circularly  polarized  light  al  0.5.1  tint  with  42  ps  (FWIIM) 
piilscwidlh  was  used 


NONLtNEAR  SWITCHING  OF  I.IOUID  CRYSI  AI.S 


325 


POWER  IKWI 

FIGURE  6  Comparison  of  nonlinear  optical  swiichjn|>  lor  the  liquid  crystals  PEP- 
BUB.  BUPBUB,  PEPPEB  and  BUPPEB  Linearly  polarized  litihl  at  0  53  (ini  with 
42  ps  (FWHM)  pulsewidth  was  used. 


POWER  1RW| 

FKiURE  7  Comparison  of  nonlinear  optical  switching  lor  the  liquid  crystals  PEP- 
BUB,  BUPBUB,  PEPPEB  and  BUPPEB  C  irculurly  polartzed  light  at  0  53  |ini  with 
42  ps  (FWHM)  pulsewidth  was  used. 
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FIGURE  8  Vidicon  scans  showing  the  fur  field  spatial  profile  of  a  0.53  tem  t3eam 
after  transmission  through  an  optically  thin  sample  of  MEBBA  (thickness  less  than  a 
Rayleigh  range).  The  dashed  curve  is  for  low  input  irradiance  and  shows  no  beam 
distortion.  The  solid  trace  is  for  high  irradiance  and  shows  the  effects  of  phase  distortion 
in  the  sample. 


polurizetj  light,  respectively,  using  the  liquid  crystals  PEPBUB,  BUP- 
BUB,  PEPPEB  and  BUPPEB.  P,  is  seen  to  have  the  same  value  for 
for  each  of  these  four  samples  and  for  the  sample  PPMEOB.  The  fact 
that  this  ratio  of  switching  powers  for  circular  and  linear  polarizations 
is  two  is  a  clear  indication  that  self-focusing  is  the  dominant  mecha¬ 
nism  as  discussed  in  Ref.  3.  In  fact,  this  is  exactly  the  ratio  observed 
for  CS2  where  the  dominant  nonlinearity  is  molecular  reorientation. 
Therefore,  the  observed  polarization  dependence  suggests  that  the 
dominant  nonlinearity,  even  for  the  short  pulses,  is  molecular  re¬ 
orientation  for  these  materials.  However,  for  these  large  molecules  the 
decay  time  constant  would  be  expected  to  be  considerably  longer 
than  the  42  psec  (FWHM)  pulses  used. 

Figure  8  shows  the  distortion  in  the  far  field  spatial  pallern  of  the 
beam  after  transmission  through  an  optically  thin  sample  of  MEBBA 
(thickness  of  the  sample  less  than  the  Rayleigh  range).  The  effect  of 
the  optically  induced  phase  distortion  is  observed  by  comparing  the 
profiles  at  high  input  irradiance  (solid  curve)  to  (hat  at  low  input 
irradiance  (dashed  curve).  That  this  phase  distortion  arises  from 
self-focusing  rather  than  self-defocusing  is  confirmed  by  the  results 
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FIGURE  9  Comparison  of  nonlinear  optical  switching  powers  in  MEI3BA  for  dif¬ 
ferent  input  irradiances.  The  focal  length  of  the  lens  L,  was  37. S  mm  ior  the  circles 
and  75  mm  for  the  crosses  so  that  the  spot  size  in  the  sample  changed  hy  a  factor  of 
2  (irradiancc  changes  hy  4  for  a  given  power).  Linearly  polarized  light  at  0  53  iim  with 
42  ps  (FWHM)  was  used. 


shown  in  Fig.  9  in  which  the  power  dependence  of  the  switching  is 
shown  for  different  input  irradiances.  The  two  curves  shown  corre¬ 
spond  to  experiments  using  lenses  of  focal  lengths  differing  by  a 
factor  of  two  yielding  spot  sizes  differing  by  a  factor  of  two.  If  the 
limiting  were  due  to  self-defocusing,  a  dependence  on  the  input 
irradiance  would  be  expected,  which  is  seen  to  be  absent  in  Fig.  9. 
Also  the  fact  that  the  switching  power  remains  constant  when  the 
irradiance  changes  by  a  factor  of  four  shows  the  dominance  of 
nonlinear  refraction  as  opposed  to,  for  example,  nonlinear  absorption. 
An  additional  indication  of  self-focusing  was  the  observation  that  at 
and  above  the  critical  input  power  there  was  optical  breakdown  in  the 
liquid  crystal  media. 

In  Fig.  10  a  comparison  of  critical  powers  in  MEBBA  at  1.06  (xm 
and  0.53  pm  is  shown.  The  ratio  of  the  values  of 
wavelengths  is  approximately  20  whereas  self-ftKusing  theory  only 
predicts  a  ratio  of  4  between  the  two  wavelengths  (see  equation  1  ).^  “ 
This  large  dispersion  implies  that  the  mechanism  responsible  for 
nonlinear  refraction  in  MEBBA  is  not  simply  molecular  reorientation. 
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FIGURE  lU  Conipurison  of  nonlinear  optical  switching  power  In  MEUBA  helween 
(1.53  tern  and  i  .lKi  tint  radiation.  The  pulsewidihs  used  were  42  ps  and  67  ps  (FWtlM) 
respectively.  Linearly  ptdatized  light  was  used. 


Figure  1 1  shows  optical  switching  in  PEPBUB,  BUPBUB,  PEPPEB 
and  BUPPEB  at  1.06  /tm.  Comparing  with  Fig.  6  we  find  a  ratio  of  10 
in  the  critical  powers  fur  this  set  of  samples  at  the  two  wavelengths. 
The  dispersion  is  still  larger  than  the  prediction  of  4  from  self- 
focusing  theory,  but  smaller  than  that  observed  in  MEBBA. 

The  larger  nonlinearities  at  0.53  ^m  may  be  due  to  an  enhancement 
of  the  nonlinear  refraction  due  to  nonlinear  absorption.  Nonlinear 
absorption  in  MEBBA  was  observed  at  0.S3  pm  and  the  results  are 
plotted  in  Fig.  12  where  the  inverse  transmission  is  displayed  as  a 
function  of  the  incident  irradiance.  The  nearly  linear  dependence  on 
irradiance  is  consistent  with  a  two-photon  absorption  process.^  The 
dotted  line  shows  the  theoretical  predictions  for  a  two-photon  absorp¬ 
tion  coefficient  of  0.6  ±  0.2  cm/GW.  If  we  now  go  back  to  the 
limiting  configuration  and  calculate,  using  linear  optics,  the  expected 
irradiance  at  focus  we  find  a  maximum  change  of  transmission  due  to 
two-photon  absorption  of  15%;  nut  enough  by  itself  to  account  fur  the 
limiting.  No  nonlinear  absorption  was  observed  at  1.06  pm  up  to 
irradiances  where  there  was  obvious  material  breakdown.  It  is  worth 
mentioning  that  excimer  formation  by  nonlinear  absorption  of  pi¬ 
cosecond  laser  pulses  has  been  observed  in  liquid  benzene'’  and 
similar  processes  could  play  a  role  in  liquid  crystals  as  well. 
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FIGURE  12  The  inverse  of  the  transmission  of  a  tl.S  cm  paihicngih  cell  filled  with 
MEUBA  Is  plotted  as  a  function  of  the  incident  irradlunce  at  II  53  |im.  The  solid  line 
IS  a  theoretical  fit  with  a  nonlinear  absorption  coefficient  of  11.6  cin/CiW. 
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To  summarize.  Pi  was  measured  fur  various  liquid  crystals  and  was 
found  to  vary  greatly  with  minor  changes  in  chemical  composition. 
For  example  the  difference  between  MEBBA  and  MEOBBA  is  the 
addition  of  a  single  oxygen  atom.  The  liquid  crystals  were  found  to 
exhibit  large  and  fast  nonlinearities  comparable  to  those  of  the  Kerr 
liquids  and  are  effective  materials  for  optical  power  limiter  applica¬ 
tions.  In  addition,  they  have  potential  for  applications  in  the  areas  of 
phase  conjugation,  optical-bistability  and  optical  switching.  Extensive 
studies  of  nonlinear  hyperpolarizabilities  of  organic  molecules  have 
been  performed  with  nanosecond  pulses  to  determine  the  ways  to 
maximize  the  nonlinear  susceptibility  by  synthesizing  molecules  with 
different  substituents.’  Similar  work  u.sing  liquid  crystals  and  determi¬ 
nation  of  the  origins  of  the  nonlinearities  would  be  of  practical 
interest.  Further  study,  including  other  materials,  a  determination  of 
the  pulsewidth  and  temperature  dependence  of  the  nonlinearities,  and 
a  more  refined  theoretical  modeling  is  currently  in  progress. 
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Abstract  Picosecond  nonlinear  absorption  and  nonlinear  refraction 
were  studied  for  several  classes  of  isotropic  phase  liquid  crystals, 
including  Schiff  base  and  ester  compounds.  Materials  studied 
exhibit  a  large  two-photon  absorption  coefficient  (fi)  at  532  nm. 
Values  of  fi  were  found  to  be  -0.6  cm/GW  in  several  of  the 
compounds  studied.  Nonlinear  refraction  was  also  observed  and  the 
nonlinear  refractive  index,  n,  was  measured  for  each  material  at 
1.06  ftm  using  an  external  self- focusing  urangement  n,  ranged 
from  6  X  10"^*  esu  to  2  x  10"^*  esu.  The  combinau'on  of  nonlinear 
absorption  and  nonlinear  refraction  in  these  materials  result  in 
optical  limiting  for  input  energies  as  low  as  0.15  microjoules  for  30 
psec  pulses  at  532  nm. 


INTRODUCTION 

In  this  paper  we  report  the  result:  of  simple  direct  measurements  of 
nonlinear  absorption  and  nonlinear  refraction  in  selected  liquid  crystals  in 
their  isotropic  phase.  These  measurements  are  part  of  an  extensive  study 
of  nonlinear  optical  properties  of  materials  in  our  laboratories. 

I,  C.  Khoo’s  invited  talk  at  this  meeting*  contained  many  excellent 
examples  of  the  so-called  giant  optical  nonlinearities  in  liquid  crystal 
Tiaterials.  These  giant  nonlinearities  are  associated  with  the  anisotropy  in 
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the  linear  susceptibility  of  these  organic  molecules  and  the  large  scale 
ordering  and  changes  in  structural  phase  induced  by  an  impressed  optical 
field.  These  nonlinearities  involve  large  scale  motion  of  the  relatively 
massive  liquid  crystal  molecules  and  as  a  result  the  nonlinear  response  b 
quite  slow  (with  response  times  as  large  as  seconds).  Liquid  crystals  have 
the  delocalized  r-electronic  structures  that  have  been  identified  by  many 
workers  as  potential  sources  of  fast  and  large  optical  nonlinearities.*  In 
thb  work  we  use  single  pulses  of  picosecond  duration  to  study  such 
nonlinearities  at  S32  and  1064  nm.  Thermal  effects,  electrostriction  and 
long  time  cotutant  reorientational  effects  are  minimized  in  these 
measurements  and  the  nonlinearities  reported  are  an  upper  bound  for  the 
fast  electronic  effects. 

EXPERIMEOTAL 

The  laser  source  for  these  measurements  was  a  Nd:YAG  operated  at  1064 
nm.  Thb  laser  system  produced  output  pulses  of  30  to  200  psec  duration 
and  operated  in  a  single  spatial  mode  (TEMg^  as  verified  by  pinhole 
scaru  and  whole  beam  analysb  with  an  optical  multichannel  analyzer. 
The  energy  and  pulsewidth  was  monitored  for  each  laser  shot  using  the 
procedure  described  in  ref.  3.  The  laser  output  was  harmonially 
converted  to  give  output  at  532  nm.  The  maximum  repetition  rate  used 
was  S  Hz,  thus  iiuuring  that  the  duty  cycle  was  very  low  and  that  thermal 
effects  were  minimized. 

The  measurements  were  conducted  using  two  very  simple 
techniques  which  are  described  in  detail  elsewhere.  In  one  case  the 
sample  thickness  b  much  larger  than  the  depth  of  focus  of  the  beam  (i.e., 
Rayleigh  range)  that  b  tightly  focused  into  the  bulk  of  the  material  being 
tested.**'  The  nonlinear  response  b  monitored  by  measuring  the  ratio  of 
the  input  to  the  on-axb  fluence  in  the  far  field  of  the  beam  after  it  exits 
the  sample.  Thb  simple  technique  allows  for  the  rapid  comparison  of  the 
nonlinear  response  of  many  materiab.  In  the  case  of  simple 
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nonlinearities,  such  as  the  electronic  Kerr  efTect,  the  nonlinear  refractive 
index  (Oj)  may  be  extracted  from  such  measurements  by  nnonitoring  the 
input  power  required  for  the  onset  of  whole  beam  self-focusing.  For 
more  complex  nonlinearities  we  simply  determine  the  input  power  (Pg) 
required  to  limit  the  far  field  on-axis  fluence.  This  parameter  (Pg)  is  a 
rough  measure  of  the  combined  effects  of  nonlinear  refraction  and 
nonlinear  absorption  and  as  such  is  a  good  indicator  as  to  whether  or  not 
more  quantitative  measurements  should  be  performed. 

.  V 

In  the  second  technique  the  Rayleigh  range  of  the  beam  incident  on 
the  sample  is  larger  than  the  sample  thickness  and  the  beam  is  collimated 
as  it  traverses  the  sample.  The  two-photon  absorption  coefficient  (0)  is 
determined  by  measuring  the  total  energy  transmitted  through  the  sample 
as  a  function  of  the  input  irradiance  in  the  manner  described  in  detail  in 
refs.  6  and  7.  The  nonlinear  refractive  index  (Oj)  is  determined  by 
measuring  the  changes  in  beam  shape  and/or  on-axis  fluence  in  the  near 
or  far  field  of  the  test  cell  (see  ref.  8  for  details). 

RESULTS 

We  have  previously  reported  optical  limiting  in  MBBA  (p-methoxy 
benzylidene  p-n-butylanilcne).*  Table  I  is  a  summary  of  Pg,  P  and  n, 
measurements  in  this  material  and  other  liquid  crystals  of  similar 
structure.  All  the  data  shown  are  for  pulscwidths  of  approximately  30  ps 
and  the  liquid  crystals  were  in  the  isotropic  phase.  Data  for  CS,  are 
shown  for  comparison.  The  data  for  Pj.  were  taken  using  the  optically 
thick  arrangement  described  in  refs.  4  and  5.  P^  is  indicative  of  the  total 
nonlinear  response  of  the  materials  as  previously  noted.  For  simple  Kerr 
nonlinearities  P^  is  inversely  proportional  to  Oj.  Note  that  P^  at  532  nm 
is  about  the  same  for  all  the  samples  tested  including  CS,.  The  Pj.  (or 
limiting  power)  for  CS,  is  associated  with  the  onset  of  whole  beam  self- 
focusing  whereas  the  observed  limiting  in  the  liquid  crystal  samples  is 
associated  with  beam  depiction  due  to  two-photon  absorption. 
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The  nonlinear  refractive  index  (n,)  was  directly  measured  for  these 
materials  using  the  thin  sample  arrangement  described  in  ref.  S.  Note 
that  in  all  cases  the  n,  values  for  the  liquid  crystals  are  approximately  an 
order  of  magnitude  smaller  than  that  of  CSj. 

The  relatively  low  values  for  the  fast  nonlinearity  (assumed  to  be 
due  to  an  optical  Kerr  effect)  measured  in  these  materials  is  somewhat 
disappointing  considering  reports  of  large,  fast  nonlinearities  in  organics 
reported  by  other  workers.  We  are  in  the  process  of  extending  our 
measurements  to  other  organics. 

SUMMARY 

The  two-photon  absorption  coefficient  (fi)  was  measured  for  five  isotropic 
phase  liquid  crystals  at  332  nm.  The  values  of  fi  are  large  enough 
(^.6  cm/GW)  for  use  in  various  nonlinear  optical  device  applications. 
The  nonlinear  refractive  index,  n,,  was  measured  at  1064  nm  for  each 
sample  and  was  found  to  be  approximately  an  order  of  magnitude  smaller 
than  that  of  CS,.  Several  other  classes  of  organics  were  examined  at  532 
nm  and  all  were  found  to  have  a  smaller  nonlinear  response  than  CSj. 
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TABLE  I 

The  molecular  structure  of  the  samples  studied  are  of  the  form; 

r,_Q_C  =  n-Q-R, 

H 


Sample 

Color 

Rs 

Pc(>«W) 

at 

532  nm 

(cm/GW) 

at 

532  nm 

njXlOisfesu) 

at 

1064  nm 

MEBBA 

Orange 

CH, 

7tl 

.55t.05 

6±1 

ETBBA 

Light 

Yellow 

C,H, 

C,H. 

8±1 

.5  t.05 

I7±2 

IPBBA 

Light 

Yellow 

C,H, 

C,H, 

8±1 

.5  ±.05 

13±2 

BBIPA 

Orange 

C«H, 

C,H, 

7±1 

.5  ±.05 

12±2 

PEBBA 

Orange 

C,H, 

7±1 

.55±.05 

I4±2 

CS, 


8tl 


Clear 


Small 
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